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1  | INTRODUC TION
The	 physical	 environment	 influences	 the	 energetic	 cost	 of	 animal	
locomotion	and	is	known	to	modulate	animal	movement	(Ganskopp,	
Cruz,	 &	 Johnson,	 2000;	 Shepard	 et	al.,	 2013;	 Spaar	 &	 Bruderer,	
1996;	Wall,	Douglas-	Hamilton,	&	Vollrath,	2006;	Wilson,	Quintana,	
&	Hobson,	2011).	For	soaring	birds,	the	route,	method,	and	cost	of	






Vicsek,	 2010),	 referred	 to	 as	 “thermals,”	 and	 (b)	 orographic	 uplift,	
which	 is	 upward	 air	movement	 generated	 by	wind	 deflected	 over	
topographic	 features.	 Birds	 exploit	 thermals	 by	 circling	 inside	 the	
upward-	moving	air	columns	to	gain	altitude.	Large	soaring	birds	rely	
on	 thermals	 for	uplift	 in	 flat	 terrain.	Owing	 to	 the	dependence	of	
thermals	on	solar	heating	of	 the	 land	surface	and	their	dissipation	
by	 strong	 winds,	 thermals	 are	 spatiotemporally	 variable	 (Shepard	











Baranes	 et	al.,	 2006;	 Spaar	 &	 Bruderer,	 1996;	 Treep	 et	al.,	 2016;	
Vansteelant,	Bouten	et	al.,	2014;	Vansteelant,	Verhelst	et	al.,	2014).	
For	 example,	 when	 wind	 speeds	 increase,	 golden	 eagles	 Aquila 
chrysaetos	shift	flight	strategies	from	thermal	soaring	to	orographic	












Recent	 advances	 in	 technology	 are	 increasingly	 allowing	 the	
identification	of	distinct	movement	behaviors	in	free-	living	animals	
(Kays,	Crofoot,	 Jetz,	&	Wikelski,	 2015).	Given	 these	 technological	















Landscape	 features	 that	 promote	 or	 limit	 certain	 movement	
strategies	 can	 affect	 the	 energetic	 cost	 of	 locomotion,	 which	 are	
reflected	 in	 the	 “energy	 landscape”	 (Shepard	 et	al.,	 2013;	Wilson	
et	al.,	2011).	At	a	broad	scale,	the	energy	landscape	is	likely	to	have	
implications	 for	 species	distributions,	and	at	a	 finer	 scale,	 it	might	
impact	 on	 individual	 fitness	 or	 breeding	 performance	 (Shepard	
et	al.,	 2011;	 Weimerskirch,	 Louzao,	 de	 Grissac,	 &	 Delord,	 2012).	
Breeding	performance	has	frequently	been	investigated	in	relation	
to	 factors	 such	 as	 food	 availability	 and	meteorological	 conditions	




























soaring	potential	 is	greater	 in	 the	Cederberg	 than	 in	 the	Sandveld	
driven	by	mountainous	topography	and	both	areas	are	 likely	to	be	
subject	to	seasonally	fluctuating	patterns	in	soaring	flight	potential;	
and	 finally,	 (e)	 the	 total	 soaring	 (orographic	 and	 thermal)	 potential	




2.1 | Study area and model species
This	 study	 was	 carried	 out	 in	 the	 Cederberg	 Mountains	 and	 the	
Sandveld	 region	 in	 the	 Western	 Cape,	 South	 Africa.	 Both	 areas	
experience	hot	dry	summers	and	cool	wet	winters.	The	Cederberg	
forms	the	northern	end	of	the	Cape	Fold	Mountains,	and	the	eleva-
tion	 ranges	 from	 c.	150	 to	 2,027	m.	 This	 study	 area	 is	 dominated	
by	natural	fynbos	vegetation	and	is	 largely	protected	by	provincial	
conservation	 authority,	 CapeNature	 (Maree	 &	 Vromans,	 2010).	
Topography	 in	 the	 adjacent	 Sandveld	 is	 much	 flatter,	 with	 eleva-
tion	 ranging	 from	 sea	 level	 to	 c. 1,000	m	 (Figure	1).	 Nests	 in	 this	
region	are	mostly	 located	on	 isolated	 rocky	outcrops	 interspersed	
through	 relatively	 flat	plains.	There	 is	 little	 formal	 conservation	 in	
the	Sandveld,	which	 is	consequently	highly	fragmented	by	agricul-
ture	(Franke,	Steyn,	Ranger,	&	Haverkort,	2011;	Heydenrych,	1993).	




We	 caught	 five	 adult	 Verreaux’s	 eagles	 close	 to	 known	 nest	 sites	
between	April	2012	and	April	2013	in	the	Sandveld	(n = 3)	and	the	


















variable	 in	 a	 regression	model	 to	 try	 and	 explain	 different	 behav-
iors	using	environmental	and	topographic	covariates	(see	Statistical	
analysis	 of	 flight	 behavior),	 and	 (c)	 we	 used	 the	 regression	model	
to	 predict	 the	 probability	 of	 thermal	 or	 orographic	 soaring	 across	






























soaring	 (spiral-	like	 flying	 with	 increasing	 altitude	 and	 relatively	
little	 horizontal	 movement).	 These	 broadly	 describe	 the	 types	
of	 flight	 behavior	 that	Verreaux’s	 eagles	 regularly	 engage	 in,	 in-
cluding	one	nonflight	 behavior.	We	 classified	 each	GPS	point	 as	
belonging	to	one	of	the	four	behavioral	categories,	based	on	fea-
tures	 extracted	 from	 all	 data	 points	within	 a	window	 extending	































above	 sea	 level.	We	 extracted	 a	 total	 of	 four	 features	 from	 these	
two	linear	regression	models;	(b)	the	rate	of	change	of	altitude	above	
sea	 level;	 (c)	 the	 rate	of	 change	of	 altitude	above	ground	 level;	 (d)	
the	squared	correlation	coefficient	R2	 (equal	 to	 the	correlation	co-


















the	dominant	 frequency	 in	 the	 time	series	of	direction.	Periodicity	
in	direction	results	in	high	dominant	frequency,	whereas	traveling	in	
a	relatively	straight	trajectory	results	 in	a	 low	dominant	frequency.	


















we	did	not	 lose	 large	amounts	of	data	by	doing	this	and	 (b)	 it	was	







subsampling,	data	 from	only	 three	of	 the	 five	eagles	were	 reliably	
classified	and	used	in	further	analyses.
2.4 | Meteorological and topographic variables
We	derived	topographic	variables	(elevation	[m],	slope	[°],	and	as-
pect	[°])	from	a	30	m-	resolution	Shuttle	Radar	Topography	Mission	
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(SRTM)	digital	elevation	model	 (DEM)	using	 the	“raster”	package	
(Hijmans	2015).	The	South	African	Weather	Services	(SAWS)	pro-
vided	 meteorological	 variables	 (wind	 direction	 [°],	 wind	 speed	
[m/s],	and	temperature	[°C])	at	hourly	intervals	from	2012	to	2013.	
For	eagles	tracked	in	the	Cederberg,	we	used	meteorological	data	
recorded	 at	 Clanwilliam	 (32.1760S,	 18.8880E),	 and	 for	 eagles	
tracked	in	the	Sandveld,	we	used	data	recorded	at	Lambert’s	Bay	






















tered	as	 radians	 and	hill	 shade	values	of	 less	 than	0	were	 zeroed.	




















ships	 between	 uplift	 behaviors	 and	 topography,	 such	 as	 the	 good	
potential	for	the	formation	of	thermals	through	solar	heating	of	con-
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score	using	 the	“MuMIn”	package	 (Barton,	2014),	and	where	there	





2.6 | Spatiotemporal predictions of soaring flight
We	defined	a	territory	as	a	3km	buffer	around	known	nest	sites,	
based	on	previous	home	range	estimates	(Murgatroyd,	Underhill,	




(Cederberg	n = 19;	Sandveld	n = 18).	We	extracted	topographic	
data	 from	 the	 DEM	 for	 all	 grid	 squares	 within	 each	 territory.	
The	availability	of	uplift	 is	 expected	 to	change	 throughout	 the	
day	and	throughout	the	year	with	seasonal	changes	 in	weather	
patterns	(Duerr	et	al.,	2015).	Therefore,	we	used	stratified	ran-
dom	 sampling	 of	 the	weather	 conditions	 to	 represent	monthly	
conditions	in	each	area	(see	below).	The	South	African	Weather	
Services	 (SAWS)	 provided	 meteorological	 data	 from	 weather	
stations	 located	 at	 Clanwilliam	 (for	 Cederberg	 territories)	 and	
Lambert’s	 Bay	 (for	 Sandveld	 territories).	 Data	 used	 were	 re-




direction,	 and	 wind	 speed,	 in	 the	 Sandveld	 and	 8,627	 in	 the	
Cederberg	 over	 the	 2	years,	 from	which	we	 used	 100	 random	
samples	per	month	(January–December,	irrespective	of	year)	for	
each	area.














More	 than	 160,000	 GPS	 locations	 collected	 over	 130	days	 from	
three	 eagles	were	 reliably	 classified	 as	 one	 of	 the	 four	 behaviors	
(Supporting	information	Table	S1).	In	random	forest	models,	the	data	
are	subsampled	many	 times	during	 the	 training	phase,	and	a	deci-
sion	 tree	 is	 built	 for	 each	 subsample.	 The	 overall	 prediction	 error	
is	measured	as	the	mean	prediction	error	of	each	subsample	using	
only	the	trees	that	were	not	trained	on	that	subsample.	This	is	called	
the	 “out-	of-	bag”	error	 rate	 (OOB).	 In	our	case,	 the	overall	OOB	of	
the	flight	behavior	classification	model	was	9%.	The	class	with	the	
highest	classification	error	was	orographic	soaring	 (42%),	 followed	
by	 gliding	 (19%)	 and	 thermal	 soaring	 (18%),	 while	 perching	 (<1%)	
had	 the	 lowest	 classification	 error	 (Supporting	 information	 Table	
S2).	Following	temporal	subsetting	and	exclusion	of	perched	points,	
42,883	GPS	 locations	were	classified	as	 flying	and	used	 in	 further	
analysis	(Supporting	information	Table	S3).
3.2 | Analysis of soaring flight behavior
Two	 top	 models	 (ΔAIC	<	2)	 explained	 thermal	 soaring,	 and	 we	
used	model	 averaging	over	 these	 to	obtain	model-	averaged	es-
timates	 for	 predicting	 the	 use	 of	 thermal	 soaring	 (Supporting	




information	 Figure	 S4).	 Below	 c. 750	m,	 variations	 in	 eleva-
tion	had	 little	 effect	on	 the	probability	of	 thermal	 soaring,	 and	
above	this	height,	the	probability	decreased.	There	was	a	signifi-
cant	 quadratic	 relationship	 between	 thermal	 soaring	 and	 slope	
(Table	2,	 Supporting	 information	 Figure	 S4).	 The	 probability	 of	
thermal	soaring	was	the	highest	in	flat	areas	and	on	particularly	
steep	 slopes,	while	 intermediate	 slopes	were	 used	 less	 for	 this	
behavior.	 There	 was	 a	 positive	 correlation	 between	 hill	 shade	
and	 thermal	 soaring.	 Likewise,	 there	 was	 a	 positive	 but	 statis-




tween	 the	 topographic	aspect	and	 the	wind	direction	 (Table	2).	
Thus,	thermal	soaring	occurs	most	often	over	low-	elevation	ter-
rain,	on	flat	ground,	and	on	steep	slopes,	when	sun	exposure	and	





ing	 showed	 a	 significant	 positive	 correlation	with	 slope	 angle	 and	
wind	speed	(Table	3,	Supporting	information	Figure	S4).	Orographic	
soaring	 showed	 a	 quadratic	 correlation	 with	 elevation	 (Table	3,	
Supporting	information	Figure	S4).	Positive	but	insignificant	trends	
were	shown	between	the	angle	of	incidence	and	orographic	soaring	
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3.3 | Predicting uplift availability
The	 predicted	 use	 of	 soaring	 flight	 varied	 throughout	 the	 year	
(Figure	2).	The	predicted	use	of	thermal	soaring	was	generally	high-




during	 all	 months	 for	 territories	 in	 the	 Sandveld	 compared	 to	
those	 in	 the	Cederberg	 (Figure	2,	 Supporting	 information	 Table	
S6).	The	mean	predicted	use	of	orographic	soaring	was	higher	in	
territories	 in	 the	Cederberg	 than	 in	 the	Sandveld,	 although	 this	
difference	was	 insignificant	 across	months.	 The	 total	 predicted	
use	 of	 soaring	 flight	modes	was	 significantly	 greater	 in	 territo-
ries	 in	 the	Sandveld	 than	 in	 the	Cederberg	 throughout	 the	year	
(Figure	2,	 Supporting	 information	 Table	 S6).	 Between-	territory	
variations	in	soaring	opportunities	were	greater	in	the	Cederberg	
than	in	the	Sandveld,	evidenced	by	the	larger	error	bars	(Figure	2).	
The	 predicted	 use	 of	 soaring	 flight	was	 illustrated	 for	 all	 study	




















Lambertucci,	 2013),	 and	 this	was	 evident	 in	 the	 selection	 for	 low	
wind	speed	and	leeward	locations	for	thermal	soaring.	In	contrast	to	
TABLE  2 Model-	averaged	estimates	predicting	the	probability	of	thermal	soaring	by	Verreaux’s	eagles
Estimate SE z- value p
Confidence intervals
2.5% 97.5%
(Intercept) −0.591 0.081 7.26 <0.005 −0.75 −0.43
Elevation 4.82	×	10−4 1.10	×	10−4 4.37 <0.005 2.66	×	10−4 6.98	×	10−4
Elevation2 −6.15	×	10−7 5.56	×	10−8 11.06 <0.005 −7.24	×	10−7 −5.06	×	10−7
Slope −0.035 0.003 12.62 <0.005 −0.04 −0.03
Slope2 0.001 4.96	×	10−5 11.48 <0.005 4.72	×	10−4 6.66	×	10−4
Wind	speed −0.091 0.010 9.00 <0.005 −0.11 −0.07
v −0.001 2.03	×	10−4 6.03 <0.005 −1.62	×	10−3 −8.27	×	10−4
hs 4.19	×	10−3 3.19	×	10−4 13.11 <0.005 3.56	×	10−3 4.81	×	10−3
Temperature 1.72	×	10−4 0.001 0.15 0.88 −3.60	×	10−3 4.84	×	10−3
Note.	hs,	hill	shading	(representing	sun	exposure);	v,	angle	of	incidence	between	aspect	and	wind	direction.
TABLE  3 Model-	averaged	estimates	predicting	the	probability	of	orographic	soaring	by	Verreaux’s	eagles
Estimate SE z- value p
Confidence intervals
2.5% 97.5%
(Intercept) −1.29 0.091 14.26 <0.005 −1.47 −1.12
Elevation −9.70	×	10−4 1.21	×	10−4 8.01 <0.005 −1.21	×	10−3 −7.33	×	10−4
Elevation2 4.70	×	10−7 5.65	×	10−8 8.32 <0.005 3.59	×	10−7 5.80E	×10−7
Slope 0.034 0.003 11.62 <0.005 0.03 0.04
Slope2 −1.06	×	10−4 4.99	×	10−5 2.13 <0.05 −2.04	×	10−4 −8.25	×	10−6
Wind	speed 0.047 0.010 4.47 <0.005 0.03 0.07
v 3.26	×	10−4 2.48	×	10−4 1.32 0.19 −6.90	×	10−6 8.17	×	10−4
hs −2.28	×	10−5 1.33	×	10−4 0.17 0.86 −7.39	×	10−4 4.57	×	10−4
Temperature −2.29	×	10−3 2.51	×	10−3 1.15 0.25 −8.10	×	10−3 4.22	×	10−4
Note.	hs,	hill	shading	(representing	sun	exposure);	v,	angle	of	incidence	between	aspect	and	wind	direction.
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thermal	soaring,	eagles	tend	to	use	orographic	soaring	on	the	wind-
ward	rather	than	the	leeward	side	of	a	slope	(Bohrer	et	al.,	2012).	In	
agreement	with	 our	 second	 prediction	 (b)	 that	 orographic	 soaring	
favored	windy	steep	slopes,	our	results	showed	some	evidence	that	
a	high	angle	of	incidence	between	terrain	aspect	and	wind	direction	
was	 preferred,	which	 drives	 air	movements	 over	 topographic	 fea-
tures	to	create	orographic	uplift.	However,	the	spatial	resolution	of	


















The	 probability	 of	 both	 types	 of	 soaring	 flight	 was	 subject	 to	





ter,	has	been	recorded	 in	other	 large	raptors	 (Nathan	et	al.,	2012).	
Similarly,	on	a	daily	scale,	both	speed	and	altitude	of	migratory	flight	








(green,	n = 19)	and	the	Sandveld	(blue,	n = 18)	throughout	the	year.	*significant	monthly	differences	between	study	areas
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The	 consistently	 higher	 probability	 for	 thermal	 soaring	 in	
the	 Sandveld	 than	 in	 the	Cederberg	meant	 that	 the	 relatively	 flat	
Sandveld	actually	has	greater	 total	predicted	use	of	 soaring	 flight.	
This	demonstrates	that	contrary	to	our	expectations	(prediction	v),	
the	 flatter	 Sandveld	 area	 might	 actually	 present	 preferable	 flight	
habitat	 with	 more	 widespread	 uplift	 availability	 compared	 to	 the	
mountainous	 Cederberg	 area.	 However,	 this	 is	 only	 one	 measure	
of	 uplift	 usefulness	 to	 soaring	 birds.	 In	 addition	 to	 the	 predicted	
use	 of	 soaring	 flight,	 which	 might	 represent	 a	 measure	 of	 avail-
ability	 of	 uplift,	 uplift	 strength	 and	 the	 behaviors	 associated	with	



















may	 shed	 light	 on	 this.	 It	 could	 also	 reveal	 a	 link	 between	 the	 in-





of	 the	 relative	 costs	 incurred	 by	 eagles	 inhabiting	 contrasting	 en-
vironments.	Theory	suggests	 that	windier	conditions	 incur	greater	
metabolic	 costs	 of	 flight	 (Pennycuick,	 1972)	 and	 such	 conditions	
favor	orographic	soaring	flight.	Therefore,	eagles	living	in	conditions	
suited	 to	 orographic	 soaring	 might	 incur	 greater	 energetic	 costs.	
Migration	of	golden	eagles	is	faster	and	more	energetically	efficient	
when	 thermal	 soaring	 combined	with	 gliding	 is	 used	 compared	 to	
orographic	soaring	(Duerr	et	al.,	2012),	and	migratory	flight	has	been	
positively	 correlated	 with	 weather	 conditions	 promoting	 thermal	
uplift,	 suggesting	that	eagles	preferentially	 travel	when	conditions	
favor	 thermal	 soaring	over	orographic	 soaring	 (Duerr	et	al.,	2015).	
Terrain	 ruggedness	 has	 been	 identified	 as	 an	 important	 determi-








of	 meteorological	 data	 available,	 which	 is	 unlikely	 to	 sufficiently	
represent	 the	 fine-	scale	 responses	 of	 soaring	 raptors	 to	 environ-








expected	 to	 be	 significant	 in	 predicting	 the	use	of	 soaring	 flights,	
although	the	trends	were	 in	agreement	with	our	predictions	these	
findings	 did	 not	 reach	 statistical	 significance.	 Small-	scale	 spatial	
changes	 in	airflow	and	the	resultant	uplift	are	not	reflected	 in	 the	
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To	 improve	 this	 in	 future	applications	of	 these	methods,	 it	will	 be	
important	to	obtain	finer-	resolution	meteorological	data	to	capture	
the	 fine-	scale	 spatiotemporal	 soaring	 responses	 to	 environmental	
conditions.
Like	many	 satellite	 tracking	 studies,	 ours	 suffers	 from	 a	 small	
sample	size,	in	terms	of	both	the	number	of	individual	birds	that	kept	







observed	 (by	 the	 lead	 author)	 for	 a	 period	 of	 3	years	 during	 the	
course	of	the	study	and	whose	behavior	was	known	to	be	typical	of	

















2016;	 Weinzierl	 et	al.,	 2016).	 In	 addition	 to	 understanding	 the	
costs	 and	 benefits	 of	 inhabiting	 contrasting	 energy	 landscapes,	




in	decline	 in	 South	Africa.	 In	 the	Western	Cape,	 severe	drought	
is	 putting	 pressure	 on	 the	 agricultural	 sector,	 which	 eagles	 are	
sometimes	 in	conflict	with,	and	the	growth	of	renewable	energy	
developments	is	an	emerging	threat	in	terms	of	mortality	through	
collisions	 with	 turbines	 and	 associated	 structures,	 particularly	
in	 favorable	 high-	wind	 habitats.	 This	 creates	 a	 strong	 need	 for	
a	 better	 understanding	 of	 how	 large	 raptors	 like	 the	 Verreaux’s	
eagle	 use	 their	 habitat	 and	 how	 that	 links	 to	 energetics,	 repro-
ductive	success,	and	ultimately	population	dynamics.	This	study,	
though	 limited	 by	 its	 small	 sample	 size,	 presents	 a	 glimpse	 into	
the	flight	behavior	of	Verreaux’s	eagles	in	an	area	that	has	so	far	
been	a	stronghold	of	the	species	 in	South	Africa.	 It	also	 lays	the	
groundwork	 for	 more	 in-	depth	 studies	 on	 the	 impact	 of	 habi-
tat	 and	weather	 on	 landscape	 use	 by	 illustrating	 that	 fine-	scale	
flight	behaviors	can	be	better	understood	using	widely	available	
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